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Statement of problem studied:

a) To determine if SE's exert any cytotoxic effects on a human
intestinal epithial cell line in vitro;

b) To demonstrate specific toxin binding to murine lymphocytes
via specific toxin receptors on the cell membrane.

Summary of experimental results: see following.



SUMMARY (#DAAG 29-78-G-0087)

The interaction of staphylococcal enterotoxin A (SEA) with mammalian cell

membranes was studied in two in vitro systems. The cytotoxic properties of SEA were

evaluated using the Henle 407 human embryonic intestinal epithelial cell line (Henle

407). The specific binding of 12 51-SEA was determined for mouse lymphoid cells.

The effects of staphylococcal enterotoxin A (SEA) and staphylococcal enterotoxin

B (SEB) on mammalian cell integrity and function as measured by leakage of labelled

cytoplasmic constituents, amino acid transport, and macromolecular synthesis, was

evaluated for Henle 407 cells. No evidence of cytotoxicity by any of these criteria

could be detected for cell monolayers incubated with SEA for periods between 30 min

and 24 hr. Purified staphylococcal hemolysins (alpha toxin and delta toxin) were

shown to exert cytotoxicity by the amino acid leakage uptake assays. In efforts to

detect synergistic effects between enterotoxin and the staphylococcal cytotoxins,

membrane functions were evaluated after sequential or combined treatment with entero-

toxin and alpha toxin, or enterotoxin and delta toxin. In no instance could a contri-

bution to cytotoxicity by the staphylococcal enterotoxin be detected. That the assays

were sufficiently sensitive to detect synergistic effects was shown by the greater

than additive effects achieved with a combination of alpha and delta toxins. The

data show that staphylococcal enterotoxins do not behave as bacterial cytotoxins.

The activity of SEA as a T-lymphocyte mitogen was used in studies of the initial

interaction between mouse lymphoid cell membranes and the enterotoxin. An assay was

developed to evaluate the specific binding of 125 1-labelled SEA (12 51-SEA) to mouse

lymphoid cell receptors. Binding was specific in that it was inhibited by unlabelled

SEA but not by unrelated proteins. The amount of specific binding correlated with

the amount of mitogenic stimulation. Specific binding increased rapdily with time to

a steady state and increased to saturation at high concentrations of 12 51-SEA. The

amount of specific binding was also sensitive to temperature and pH. Scatchard

analysis indicated a single class of binding sites with an equiibriuni dissociation



constant of 8 X 10- 7M and approximately 3600 binding sites per spleen cell. In

addition to SEA and antigenically distinct unlabelled staphylococcal enterotoxins,

staphylococcal enterotoxin B and staphylococcal enterotoxin E, competitively inhibited

bineing of 12 5 1-SEA to mouse lymphoid cells. This indicates a common class of binding

sites for these three staphylococcal enterotoxins.

Evaluation of 12 51-SEA specific binding sites on mouse lymphoid cell subpopulations

showed that T-lymphocytes bind less 12 5 I-SEA than do B-lymphocytes. 12 51-SEA did not

bind to macrophages in detectable amounts. However, an evaluation of the cell-cell

interactions involved in the mitogenic response to SEA showed that both B-lymphocytes

and macrophages participate in the T-lymphocyte mitogenic response to the enterotoyin.

Splenic B-lymphocytes greatly enhanced the otherwise weak mitogenic response of thymic

T-lymphocytes to SEA. Also, macrophages apparently take up SEA by a pinocytic process

which is temperature and cyanide sensitive. Thus, macrophages exposed to SEA for 3 hr,

then thoroughly washed, trigger mitogenesis in fresh spleen cell cultures without

additional SEA. The specific interaction between SEA and lymphoid cells and the corre-

sponding lack of demonstrable direct cytotoxicity for SEA supports an hypothesis that

SEA may act in vivo via an immunologic rather than a direct cytotoxic mechanism.

Another alternative which was explored in a preliminary way is that SE's may act

on nerve cells. This would be compatible with the notion espoused by several investi-

gators in the past that SE's exert their emetic action by direct effects on the nervous

system. We tested SEA and SEB on a neuroblastoma cell line and found that the toxins

induced neurite formation in vitro. This "differentiation" of the neuroblastoma cell

upon exposure to the enterotoxins indicates a direct cell-cell interaction; i.e. that

toxin interacts with the nerve cell by a specific toxin ligand-cell receptor mechanism.

This exciting observation will form the basis for a new research grant application to

be submitted to the Army Research Office later this year.
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Staphylococcal Enterotoxins Fail to Disrupt Membrane
Integrity or Synthetic Functions of Henle 407 Intestinal Cells

STEPHEN BUXSER AND PETER F. BONVENTRE*

Department of Microbiology, University of Cincinnati College of Medicine, Cincinnati, Ohio 4.5267

The potential cytotoxic activity of purified staphylococcal enterotoxins for
mammalian cells was evaluated. The effects of staphylococcal enterotoxins A
(SEA) and B (SEB) on cell membrane integrity as measured by leakage of labeled
cytoplasmic constituents ([1H]uridine), amino acid transport (lysine and amino-
isobutyric acid), and macromolecular synthesis (protein, ribonucleic acid, and
deoxyribonucleic acid) was evaluated for a human intestinal epithelial cell (Henle
407). No evidence of cytotoxicity by any of these criteria could be detected for
cell monolayers incubated with SEA for periods of between 30 min and 24 h.
Purified staphylococcal hemolysins (alpha- and delta-toxins) were shown to exert
cytotoxicity by the leakage and amino acid uptake assays. In efforts to detect
synergistic effects between enterotoxin and the staphylococcal cytotoxins, mem-
brane functions were evaluated after sequential or combined treatment with
enterotoxin and alpha-toxin or with enterotoxin and delta-toxin. In no instance
could a contribution to cytotoxicity by the staphylococcal enterotoxin be detected.
That the assays were sufficiently sensitive to detect synergistic effects was shown
by thegreater than additive effects achieved with a combination of alpha- and
delta-toxins. The data, contrary to previous reports, showed that staphylococcal
enterotoxins did not behave as bacterial cytotoxins.

Several antigenically distinct staphylococcal any, occur in intestinal mucosal cells. Opportu-
enterotoxins are produced by a significant per- nity for study of toxin action is provided by in
centage of Staphylococcus aureus clinical iso- vitro experimental models.
lates. The toxins cause severe food poisoning in Using an established tissue culture line of
humans. Symptoms of this clinical entity include embryonic intestinal mucosa (Henle 407), Schaf-
vomiting, diarrhea, and nausea, usually within 8 fer et al. (15, 16) and Schaffer (14) observed a
h after ingestion (2), and the toxin serotypes cytopathic effect and a significant reduction in
produce the same clinical syndrome. Although cellular protein of monolavers treated with en-
enterotoxins A (SEA), B (SEB), and C are dis- terotoxin for periods of between 24 and 48 h.
tinct proteins, they have similar physiochemical Although microscopically visible cvtopathic
properties (1). SEA is most frequently associated changes and apparent cessation of cell growth
with human food poisoning outbreaks. Further- suggested a direct cytotoxic action ofenterotoxin
more, this toxin serotype is most readily availa- on intestinal epithelial cells, these observations
ble in highly purified form (18). Therefore, SEA were not conclusive. There have been no subse-
was chosen for this study, although some exper- quent studies on the putative cytotoxic act ion of
iments using SEB were also included. staphylococcal enterotoxins by using sensitive

The biochemical mechanism by which staph- and quantitative assays currently available to
ylococcal enterotoxin acts is unknown. One of detect mammalian cell damage. The in vitro
several mechanisms suggested is a direct cyto- assay developed by Thelestam et al. (20-221,
toxic effect of ingested toxin on gastrointestinal which quantitatively measures leakage of low-
tissues. Observations that support this view in- molecular-weight compounds from previously
dude acute exogenous gastritis observed in out- labeled mammalian cells, and an assay devel-
breaks of staphylococcal food poisoning (11), oped by Duncan and Buckingham (3), which
lesions of the small intestine observed in rhesus measures inhibition in amino acid or sugar up-
monkeys given SEB by mouth (8), and changes take as a result of subtle membrane damage, are
in intestinal transport of fluids and electrolytes extremely sensitive indicators by which cytotox-
as a result of the administration of enterotoxins icily may be assessed. Thuis, these assays were
(6, 19). These data suggest that staphylococcal used to evaluate cell damage induced by SEA
enterotoxins may disrupt normal intestinal and SEB. In addition, we also measured several
physiology but do not describe what changes, if metabolic parameters of macromolecilar svn-
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thesis tin effo~rts to det ect chianges prodIu-edt as at (ito. 35010I and 24-well n. 3524) cluster dfishe-, were

result of enterotoxin interaction with the cells. used.
Since no definitive evidence exists that staph- I"H luridine leakage assay. TIhe asasdescribed

vlococcal enterotoxins are in fact cvIotois we~ originally bv 1'helestain et all. 1211-22) were used t
detec cII(vtotoxicity. Henle 407, human epit helia[ cell,

included as positive controls two st aphylococcal and (I 10T' 12 mtouse fibro(blasts were cultured it., t((iol((
toxins which are recognized cvtol oxic agents. Ili layers fin 24-well tissue cult ure plates ii BME plus 10',
addition, these stap~hylococcal toxins were used fetal calf serum its the growth inediuni. (Cells were
in experinients in which treatment of miammna- grown it) less than total r-(nfluence before use. II
hanl cells with either alpha- or dell a- toxt n was explerimnts. (II luridlln labeling of cells %Wa, avcon)

combined either simultaneously or sequentitally plished Iby removintg growlth inedliI fromt the 111(1(0

with staphy' lococcal enterotoxin. TIhe rationale layers and replacing it with fresh BME containing fit

for such experiments was to detect effects of' pi- of I'It uridine per till for 2 Ih followed b% a 2- h
enteotoin wichmigt no bedeteted IN, chase with mnediumn free (,I radIl olallel. TIhe celIts were

tetet wih he gt ot hle. eece b ashIt three tinles wih trishvdN~roxvna'it thyllli

real teffet wit tel t merothn ane A oinr nintet hane -Ituff ered salline (I lt -5) foldlowed - it -

gistic ffet o cels b moe tan asinle ox ~ bat Iion with oIr wit h o toxin in) the buffer foIr Ili unit
(If staphvlococcal origin was a possibility which Thbe superntat ant was asplirate('I. and radI (((lt I% uit. ;I(

required testing. 0. I-nl poIrtionl fil 1II till (If Th'rift Solv I Kt-% S, ill i,.
The data which were obtained, however, Ctlumtbus. Ohio) wals I-I Ion) III t (et erillilnl th Ill ((((

showed unequivocably' that SEA and SEB did tit. oIf' urite whlich leaked fronii thell Ma'xIs ni l al
not behave as cytot oxic proltein toxins, on the release (if cellular hlbel 14 as (let erlnlaltied b% disruting

Henle 407 cell line. Enterotoxin cattsedl no alter- the cells with 0I.1', 'Triton X- I(S

at itn in miembrane integrity or tunctiton. and 'The amoun~ltt of I 'iIlonriel releasfloutI I Ii, ((-1,

cellular macromolecular synthesis was unaf- atsa;consequenlce of sp~ec~ifi nivi-IllbriIne((( alliagI 5%&(

fected by treatment with toxin at cocentrationls calculated accolrdling tl the I(Irnll(.

exceeding by several orders, of magnitude those release
required for induct ion (If eltlesis in humians (I1). ('jIu released - cpmn spolntanIlo'11115v released

MATERIALS AND) METHODS toltal cpmi - 1111 stpottanleously released

Isotopes. Radioisotopes were olbtainled frot New Amino acid uptake assay. D~uncan an(litHok-
E~ngland Nuclear Corp., B ost on. Mass.: loI-flll'dl'- inglian i:0 showed that inhiuit ion (If Ilexose I dalullo

I-H latllinoisobul Vric aIcidl (IR splecific activit y. () 6/! acilt up~ta~ke wits a tIlon sensitive inldicaltor (If 11(1111

flinloll II- -"Ci -'(AI 1 (specific II Iiv.itv 51.t6 Ci ntiol : brane, dalmage thanIt assa~ls based oIl leakage ofI Int ra -
I- (;-'H 11l'ysine I specific act isIt'y 4.1 ( i/mnol aid cellutlar colmpontentts. Ifenile 4(17 c-ells we're groIwnto (

[5,6-'H luriditie (specific acttvit v 4118 Ci ( t nnol). near coluoence in six-wNell (:45-nirl diamneter) p11(st ic
Toxins. Staphvlococcal (lpb I tIIxit was ota~ined Itissuel Icllture~I dishes. IM F was alspirated'It alnd e'acl

front Stdne 'v Harshin, Vanlderilt Univ'.ersityv. Nash- well wais rinlsed twol titlles w%,ith 111355. 1hv plates were-
ville. T'enn. Purified toxin contin~ted I El000X henolt ic floateId oitl a water bath (iI 317'C, and 2 nil (If I ('IA I B
utnits per mng of p~roteinI. AlaIln Bribettirr Nt'w York (o1.5 Ii;i fil in I.0 ft M Al H) or I.-[l11 Ilysitle It 1 1 il

lfniversit v School (If Medictine ktndly. supplied pu~ri- fil 110 rn M I.- Isinie 4l 1 HiSS %,kas addled t I thel w11(11

fietl dell a- toxin. The delta-toxto pro laral 1111 ((lntaited layers, fiI (Ilh well Ior211 tnin1. l'relimtnary% ('xplrlinie'Its
IMX hernt~l Iit' units per ilng Illlrli S'll ElA atttt SEB H Ind~icaIted t hat the upjta(ke' If' bot h (Illtto acill, badl

wer f~I(elt by Leontardi Spero, IT S. Armyv Medlical (t 111Sl rli~lwtht t 0 (l lr I tIt

R~esearch Instiltute (of Infect (ils D iseases. Ft. D et rick. - -IlidulIl oIf Itncubaion fill, l labled a(11111 ,11 II Ill
Md., anld Merlin Itergdoll, Food Research Intitu te 111' %%its aspi (511rated t'hl (fIish15 wits p~laced il and (. I

UnIiversil~ o (f Wiscontsinl, Madisonl. The e'Il (rIolIxitls ('(cl we Ill wits5 ritnsed qu tcklv three tir's wi(11 A4 tiff ol
had beten plurifiedl b1 the illethold oIf SI-hati etI (It 117. 11(,( Ili hsphal-at ufelred'line1( (PB'S. pH 7 4'1 Celk

181. 'The t'nterlltlxitl trepa~ralionts aerl' free (If Itatli- were solothliztd Ill 1 5 Rill of 0 2 N Nal ll, anldl (.5 kill

inating hernolysins. wats reilmelI Ilr proltein detenunatio 1 ill)) A 1 1ill

Tissue culture and tissue culture medium.T'he sarIjl( neut IratlizI'l with I ItI wisade (l tol~ aI m(I si11
1
(

't'l.li was olbt ainled frot I hie Atmericanl 'l'pe ('ult fire alld coute 1111 ' if Pnac~IkardI ilnldtl 21 25 11(1I scit iin

C'ollect ion, Roc~kville, Md. 'Phis, cell ln' was1 'stali- shpll rI plhI0 oel Ir.

fished Ilriginall v -W.- Ioenle Irolni jl'(t~n ttnd ile'I Il SI''eral e xperimen~ts imke I iV 151 (I -,t IV., 1(1(11

(If a 2-titon h -Iol hunan enblrvI. IoII'' 2 fib~roblasts acilds sin) ill farleousl \, it 14hti( (I' 1se hti I V)-A] I Il

ItarlI N at iontal tCan(-er Intl itute11, HI.)hesda, Md. ']'issute to the itncublat ionl iledluil 'Ill' -11 1 \%ful,,% seling 1,Ii

Ilortes, tGrandt Island -N NY. tGrowth noiltltn con~siste&d tiletlt s 14ere (Ill Orille it (s de~scribed II'\ Itcklllan Ini
If HanItks balanced salts solutionl (I ISS). basal Eagle struiletlts. hic. (techlllcal repoIIrt 915- NV7l7,

ineitulnl I HM '), ad
t

10I', fetal (c(If scruinl. 'Tissue SEA effects ton crells. SEA wits5 IIISSIII' ('( i PII '
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was added to each well containing 2 nil of' tissue TAHLF 1. 1 lluridie leoaage from pr'Ielhchd ell,
culture medium and mixed well. Cells were incubated exposed to stophvvbwo-cal oxinhs'
at 3t7'C for the indicated period in a Y;I (X) atmos- - - ---- -- I tIkm*iO - k
phere before rinsing in HBSS and processing for eval- tell lvpe 'Toxin ,Ipgill age' 1" FruaXi

uation of amino acid transport as described above.
Macromolecular synthesis by cells treated -- __

with SEA. Henle 407 cells grown for3: days in 24-well IOTI/2 mouse fi- Enterotoxin A (10)) 2.8 :t 2.01

tissue culture dishes were used for ascertaining de broblast Enterotoxiri A 420)) -44.1 ± lii

novo protein, ribonucleic acid IRNA), or deoxyribo- lEnterotoxin A I 100l 4.4 ± L.5

nucleic acid (DNA) synthesis. Spent medium was as- EnterotoxinB, 4 1 00) ..44 :t 2A

pirated, and fresh mediu 'otiigSA or a rec- l1latxi 44 1
ognized inhibitor of macromoleCUlar synthesis as a lDelta-toxil 42.5) 8.8 t f1.41

positive control was added to Ithe wells. Joseudomonas let-oi 54 4. .4
ex6toxin A was used as an inhibitor of protein synthe- lDelta-toxin c425.444 AA4 ± 14.4'

sis* (12). actinomycin I) was used as an inhibitor of' Alpha-toxin (31.21 5.5 ±3 :5
RNA synthesis, 'and mitonmvcin (C was used as an Alpha-toxin (:32.4) 41.M ± 2.7
inhibitor of I)NA synthesis. To determine protein
synthesis, ('Hjleucine (2 pCi/mlt was added for 90( Henle 4(07 human E'nterotoxin A 41444 1.84 ± 1.3f
mini RNA synthesis was determined after 24 h of intestinal epi- E'nterotoxin A 2444; 2.,7 0J (44
incubation with ['Hiuridine at a concentration of I thelial Enterotoxin A H140 2. 1.5I

piCi/mI; and DNA synthesis was determined after 4 h Enterotoxin B 41 I 'J.2 Lm

of incubation with I pCi of ['H Ithymidine per ml. All Delta-toxin 1.0)) 2.4 1.1

radlolaheled solutions were added in fresh liME with lDelta-toxn4.4 4. ±312
10r( fetal calf serum which also contained the appro- 1)elta-to:xin :54( .1.51 1 , f 4.5

priate radiolabel and toxin at the concentration noted Delta-toxin (25.) 1(10 ± 12. 1
in Table 6. Cells in each well were dissolved in 0.1", Alpha-toxin MA.( i1 2.2 ± 1.6

sodium dodecvl sulfate and precipitated with an equal Alpha-toxin :32) 014 ± 1.4

volume (of I0' trichloroacetic acid. The resulting pre- "Each value is the mean off;1 to 12 (l(termniatimis
cipitate was washed with 5"i trichloroacetic acid, dis- + standard deviation. Henle 4037 (-ells or (('I. m~ouse
solved in I N NaOH. and evaluated by liquid scintil- fibroblasts were grown to near oliftluelii( anl 2--011
lation counting. tissue cluore plates. Spient inadium wvas aspi ratedi

Statistical analysis. Statistical analysis for exper- and replaced with fresh miediom containing 1 110 of
iments with equal numbers oIf replicates was done by [H Juridine per nil. A 2-h incuhat ion "as f'Ih;lle, h\ I
using analysis of variance as described by Hicks 15l a 2-h chase with fresh inedium wit hoot radiolah'le-i
Analysis of data with unequal replicates was done 1) ' components. 'The cells were washed three tines with
using the General Linear Models program of the Sta- tris) hv(lroxvmiiet hvliaiiion'',thaniutcItffered saline
tistical Analysis System computer package at the tOO- followed bv incubation with toxin ini the huller lor 3
versity oIf Cincinnati Computer Center. As described min at 370 C. Sephadex (G-25 gel i-hroniatograp4hv re
by Hicks (5), the "interaction" term re'ferred to4 in vealedl that cells labeled by this t erhoiqie bvaked
Tables 2 and 3 is a measure of the change in response materials (If low niolecular A(eight 4<25544 hat there.
(of one factor under the influence of a second factor. foire represented free onldine and oligonucleotides.
Specifically, a statistically significant interactioin was " Statist icallyN significant (11 < 4.4454.
interpreted as cell damage due to1 a comblinedl toxitn
treatment greater than the stin (Ifeffects of the toxins
adlministered separately, i.e., a synergistic effect. For greater than control ),,allies was indtuced bY SEA.
data statistically significant as measured by analysis The assay (If Buckinghamt and Iurncan (:3),
of variance or the general linear model, the means which measu.tres uptake (Itanlinil ac-ids bv tissue4
which were statistically' significant were determined Culture -ells after toxin ti-eat ment, was also tused
by D~uncan's nlultiple-range test.inefrstdeetcooxiy.Teauoais

RESULTSlYsine and AIR were chosen for sttidY since thev
RESULTS ~represent aminot acidl species t akent into lii ilili

Synergistic action of staphylococcal al- malian cells viii dif'ferent transpohrt s ,ystents -.
pha- and delta-toxins. The effects of staphyv- Althouigh independtent transpolrt svsti'ins wet-i-
ltwoccal alpha-toxin. delta-toxin, SEA, and SEB not demonstrated sllecificallvN for lictnle44)7 cells.
on leakage of I H luridine from prelaheled cells our experiments showed that i-old i.-lvsine it)
are shown in Table I. 0 nly delta-toxin was excess did not inhibit uptaike of labeled AllH
oivertly cttttoxit' as measuredf by inc'reased leak- significantlY, and, coils erselyv, unlaibiled AIR li-
age ttf ('HIu ridine by' v IT1/2 fibroblast s or hihit ed Il;ysinte upjtake only sI ight t v 441111a inot

Henle 4(37 cells. A similar leakage assay (data shtown). 'bts, thi' two transpolrt svstits ail-
not shtwn) using c~ells llrelabeletl with n41(1H - peatred to he indepetndent in it I'l -W47 i v4 Is.
AIR detec-ted damage induced b ' stath vluiioccal It was alsoi impo~rtantt to4 i'Vlat iv hI- It(1 ot t
alpha- Itixin as well as the delta-toxin. How-ever, i't Itti x i'1t( f' 1SEA ;i rd SEH 1togetIhi'r "ith lt Iii

with either assay, no leakage of' iridine or AIR known c.ooxn -4aphliiii i-al lphad . td
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delta -toxins. Therefore. as positive cont rols inl rat ions o~f' I pg of 'alpha-toxin and 5 )ig o f delt a-
the assaYs. the eftects oin Al H and] I'ysine t rans- toxin per nil or- 0f.5 pg of' alpha -toXin and 5 jig (it
poirt after treatmbent oif 11 enle 407 ctelfs with tlelta-to~xin per ill. The interact ion of the eftict s
alpha- or (ltd- toxin alone tor both toxins in of the alpha- and delta-toxins was statist icl

combiuinat ion are shown in Table 2. 1 elt a-toxin significant ( P < (lIM~t . These tise rvatinS
did not substantially redIuce tranispolrt tof either demonstrated the extreme sensjtii'itv of'the ilp-
AIR or lysine except at the highe-st dlose tested take assay' for detection ol'subtle cell mlemblranle
ill) tpg/i Alpha- toxiti treatmtienit of cells re- pert urbat ion aind also( shtowed that the assa.
duced transport of' hoth amino acids ait -oi(en- coul1d detect a synergistic act ion ofttw cYtliti xic
ti-at ions of 3 ig./ nil or greater. Cooll inat io ns ifl agents itsedf at levels below threshold.
alpha- and delta-toxins produced significant deC- Absence of eytotoxicity of staphylococ-al
creases in arninti acid uptake at conicent rations enterotoxin. The effects (if a 2-4-h inc-ubat ion
which, when administered singly, had no tneas- with SEA at concent rat ions upl to I10 pgi tlll Ol
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ABSTRACT

A reliable assay to measure specific binding of 1251-staphylococcal

enterotoxin A ( 125 I-SEA) by murine spleen cells is described. Toxin binding by

lymphocytes was specific in that it was inhibited by unlabelled staphylococ::al

enterotoxin A (SEA) but not by unrelated proteins. The biological activity of

SEA (T lymphocyte mitogenesis) correlated with toxin binding to splenic

125lymphocytes. In the presence of high concentrations of I-SEA, specific

binding increased rapidly and approached saturation after two hours. Toxin

binding was sensitive to temperature and pH and was directly proportional to the

concentration of spleen cells in the incubation mixture. A single class of toxin

binding sites with an apparent equilibrium dissociation constant (Kd) of

8 X 10- 7 M and numbering 3600 sites per cell was estimated. SEA and the

antigenically distinct SEB and SEE in excess competitively inhibited binding of

125I-SEA to mouse spleen cells. The data suggest a common class of binding

sites for the three staphylococcal enterotoxins.



INTRODUCTION

Staphylococcal enterotoxins comprise a group of five antigenically distinct

proteins of MW 28,500 secreted during growth by a significant percentage of

Staphylococcus aureus isolates (I). The toxins elicit a variety of biological

activities including induction of diarrhea and emesis in primates (I). They also

act as polyclonal mitogens (13) and depress antibody production (20). In a study

comparing the mitogenicity induced by the polyclonal T-lymphocyte mitogens

concanavalin A (Con A), phytohernagglutinin (PHA) and staphylococcal entero-

toxin A (SEA), Langford, et al. (11) estimated that SEA is the most potent

mitogen discovered to date. It has also been suggested that mitogenic

substances of staphylococcal origin may induce lymphotoxin synthesis (22). Thus,

one may speculate ihit one or more lymphokines may contribute in part to

manifestations of gastrointestinal and systemic toxicity. The significant effects

of staphylococcal enterotoxins on antibody (20), interferon (11) and migration

inhibition factor production (9) as well as toxin suppression of allograft rejection

(14) indicate that staphylococcal enterotoxins may be important as immunologic

mediators in addition to any direct toxicity they may exert.

There is evidence that specific cell receptors play a critical role in the

stimulation of mitogenesis induced by polyclonal lymphocyte mitogens (2,12,15).

A previous study (23) provides indirect evidence for presence of specific

staphylococcal enterotoxin receptors on lymphocyte membranes. The present

study provides direct evidence for specific binding of SEA by spleen cells as the

first step in lymphocyte mitogenesis. It also demonstrates that SEA associates

with lymphocytes by specific ligand-receptor binding. Additionally, the binding

characteristics of SEB and SEE by murine spleen cells are similar to those of

SEA. The data suggest that this group of antigenically distinct hut biolooically

similur microbial toxins mediate mitogenic stimulation via common receptors on
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the lymphocyte surface.

MATERIALS AND METHODS

Murine spleen cells

Spleen cells were obtained from 6- 12 week old C57B 1/6 (C57) female mice

purchased from Laboratory Supply Company, Indianapolis, Indiana. Spleens were

aseptically removed and the spleen cells were teased from the organ capsule into

a 35 mm tissue culture dish containing RPMI 1640 tissue culture medium

(Microbiological Associates, Walkersville, MD.). Cells were washed and

resuspended in RPMI 1640 + 10% fetal calf serum (FCS) before use.

Isotopes

Isotopes were purchased from New England Nuclear Boston, MA: (methyl-

13 H1)-thymidine (6.7 Ci/mmol); carrier free No 1251 (17 Ci/mg) in 0.1 N sodium

hydroxide.

Staphylcoccal enterotoxins

Staphylococcal enterotoxin A (SEA), staphylococcal enterotoxin B (SEB)

and staphy!ococcal enterotoxin E (SEE) were purified by published methods

(18,19).

Henle 407 cells

The Henle 407 embryonic human intestinal epithelial cell line (ATCC-CL6)

was obtained from the American Type Culture Collection, Rockville, MD. This

cell line was established originally by Dr. W. Henle from jejunum and ilium of a

two month human embryo. Gartler (6) has suggested that this cell line is one of

several which may now be contaminated with HeLa cells and thus the relation-

ship of Henle 407 to human intestinal cells is uncertain. The cells were grown in

Eagles' basal medium (Gibco, Grand Island, New York) and 10% FCS. The cells

were detached from the surface by incubation with 0.1% EDTA in phosphote

buffered saline, washed and resuspended in HPMI 1640 + 10% FCS.

3



Mitogenesis assay. To evaluate early events in the process leading to

mitogenesis, it was necessary to develop an assay in which contact with toxin

(mitogen) was of limited duration. Spleen cells (3 x 106) suspended in 0.5 ml

RPMI 1640 + 10% FCS were added to 0.5 ml of medium containing 20 wg/rnl SEA

in a 1.5 ml sterile polypropylene vial (Kew Scientific, Columbus, Ohio). 1he

tubes were gassed with 10% CO 2 and incubated at 370 C for 3 hrs after which the

vials were centrifuged at 1000x g for 5 min., washed twice and resuspended in

RPMI 1640. Cells were counted using a Coulter Counter Model ZB (Coulter

Electronics, Hialeah, FLA) and lymphocyte viability was evaluated by iryoan

blue dye exclusion. Cells were diluted in RPMI 1640 + 10% FCS and dispensed

into 96-well microtiter plates (Costar Division of Bellco Glass Co., Vineland,

N.J.) at a concentration of 10 cells/well. Incubation of microtiter plates at 370

C in 10% CO 2 in air without additional mitogen was continued for a total of 48

hrs, the last 4 hrs of which cells were pulsed with 0.5 pCi/well of 3H-thyrmidine.

Cells were collected on glass fiber filters by vacuum, washed with saline

and finally with 95% ethanol. Filter pads were placed in sciit;llation vials with

10 ml Scintiverse scintillation fluid (Fisher Scentific, Cincinnati, OH) and

countcd. To measure temperature dependence of binding, the initial 3 hr

incubation in the presence of SEA was carried out at 40 C, 220C, or 370 C before

the cells were washed free of nonassociated toxin and resuspended in RPMI 1640.

Incubation was then continued for a total of 48 hrs. Experiments to determine

the effect of pH on the interaction of spleen cells and SEA were performed in a

modified incubation solution. SEA (2x concentrated) was dissolved in RPMI 1640

with 100 mM sodium phosphate buffer at pM 6.0, 6.5, 7.0, 7.5, or 8.0. An aIliquot

of spleen cells (6 x 106Imnl) in FRlPMI 1640 + 10% E CS was odded to the toxin in

modified fPtAl 1640. )pleen cells were incuobted at each pH for 3 hr% nt 37°(

in th- presence of . _A. Cells were then washed ond iricbi t io N(Is con ti rmed in
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the absence of toxin. Incorporation of 3 H-thymidine during the last 4 hr of

incubation was measured as described above.

Trypsin treatment of spleen cells. Washed spleen cells (3 X 106 /ml) were

incubated for 30 min at 370C in HBSS pH 7.4 containing 1.0 mg/ml trypsin (281

Ip/mg; Worthington Biochemicals Corp., Freehold, N.J.). Cells were then useG in

the SEA mitogenesis or the toxin binding assays.

lodination of SEA. SEA was labelled with 1251 as described by Kauffman

and Johnson (10). Ten p.g SEA was labelled by reaction with 10 mCi of carrier

free Na 125 1 in 100 pI total volume containing 5 pjg chloramine T and phosphate

buffer. Labelled 125I-SEA was recovered from a Sephadex G-25 column in

phosphate buffered saline containing 0. 1% bovine serum albumin. The 12 5I-SEA

was sterilized by filtration and stored in 250 jil aliquots at -700 C. lodination of
12 51-SEA was achieved to a level of one iodine per molecule of protein (70-100

PCi/PIg). 125 1-SEA was used within 2 weeks of iodination although no loss of

biological activity was detected for 2 months. Biological activity of 12 5 1-SEA

determined in mitogen assays by direct comparison with uniodinated SEA

revealed no differences in mitogenic potency.

Assay of 125I-SFA binding to lymphoid cells. Binding of 125 1-SEA to spleen

cells was carried out by incubating 0.5 ml of cells (2 x 107 ml) at room

temperature (230 C) for 3 hr in complete medium containing 0. 125 pg/ml 1251-

SEA or 0.125 lig/ml 12 5 I-SEA plus 40 Wjg/ml SEA (control for non-specific

binding) and dispensed in 1.5 ml plastic vials. Cells were shaken periodically and

at the conclusion of the incubation period, four-100 pjl samples were removed

and layered over 200 pil of silicon oil (Versilube F-50, Harwich Inc., Chicago, II.)

in !400 jl polyethylene vials (Kew Scientific, Columbus, OH). The vials were

centrifi)qred in alrireckrinrn Microfuqe for .30 sec (it 12,000 X q( nud rapidlv frozen

in dry ico-ethanol. The ot torn of e(ch viril cortnining the cell pellet was cut



off and counted in a gamma counter.

RESULTS

The mitogenic activity of SEA was characterized by washing spleen cells free of

unbound toxin after 3 hr and incubating at 370 C in the absence of additional SEA

for a total of 48 hr to allow full expression of mitogenic potential. The data in

Table I show that mitogenic stimulation was identical for cells which were

exposed.to SEA for only the first 3 hr or exposed to toxin continuously for 48 hr.

This assay was also used to determine the effect of temperature and pH on toxin

binding and subsequent mitogenic stimulation. The SEA mitogenesis assay was

employed in conjunction with a toxin binding assay to establish the correlation

between the extent of toxin binding and mitogenic stimulation.

An assay was developed to detect the specific binding of iodinated SEA to

spleen cells. The kinetics of 125 1-SEA association with mouse spleen cells at

23 0C are shown in Fig. I. Specific toxin binding reached saturation within 2 hr.

Non-specific association of toxin is defined as the amount of cell associated
12 5I-SEA observed in the presence of 40 pjg/ml unlabelled SEA. The amount of

non-specifically associated 12 51-SEA increased linearly with time suggesting

pinocytic uptake of toxin. The binding of 125 1-SEA was a linear function of

spleen cell concentration (Fig.2). The effect of the iodinated toxin

concentration on the total amount of specific binding is shown in Fig.3. Specific

binding increased as the concentration of 12 51-SEA was increased and

approached saturation at 1.5 pjg/ml 12 5 1-SEA. These data were replotted

according to the method of Scatchard (16) as shown in Fig. 4. The slope of the

Scatchard plot indicates a single class of binding sites with an apparent

dissociation constant (Kd) of 8 X 10- 7 M. The X-intercept of the plot

corresponds to an estimated value of 3600 binding sites per spleen cell. Since

sple rocytes consist of a mixture of T-lymnphocytes, B-1ymphocytes, and lesser
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numbers of macrophages the value calculated for the number of binding sites per

cell represents an average for a mixed cell population. The binding sites per cell

for specific cell types will require similar studies carried out with purified T-and

B-cells. Experiments not shown here indicate that macrophages do not possess

specific receptor sites for SEA but rather take up toxin via non adsorbtive

pinocytosis (manuscript in preparation).

The specific binding of 125 1-SEA was inhibited not only by unlabelled SEA

but also by the antigenically dissimilar staphylococcal enterotoxins SEB and SEE

(Fig.5). At low concentrations of unlabelled toxin the amount of 12 5 1-SEA

specifically bound was greater (statistically significant at p < .05) than specific

binding in the absence of unlabelled toxin, suggestive of positive cooperativity.

SEA and SEE were equally inhibitory at intermediate concentrations (1.0-10

1pg/ml) while SEB was a less effective inhibitor of 125 1-SEA binding at

intermediate and high concentrations. The extent of inhibition of 125 1-SEA

binding by homologous or heterologous unlabelled toxin correlated with

mitogenic potency. SEA and SEE inhibited binding of 12 51-SEA and stimulated

mitogenesis to the same extent. In contrast, SEB was less inhibitory for SEA

binding and also was a weaker mitogen (Table 3). These data indicate that these

antigenically distinct staphylococcal enterotoxins recognize similar or identical

binding sites on mouse spleen cells.

The binding of 2 5 1-SEA and the stimulation of mitogenesis were corre-

spondingly affected by the pH of the incubation medium (Fig. 6). Specific toxin

binding and mitogenic stimulation were maximal at pH 6.5 and declined at higher

or lower pH's. The correlation between binding and mitogenic stimulation of

lymphocytes indicates that the toxin binding leads to a bioloqical response.

Specific binding increased linearly with temperature (Fig. 7), but mitoqenic

stimulation decreused slightly at higher temperatures. The quantity of toxin



binding and mitogenic stimulation observed after trypsin treatment of the spleen

cell is shown in Table 3. Trypsinization of spleen cells reduced mitogenic

stimulation by SEA but did not inhibit binding of 125 I-SEA. Specific binding of
12 5I-SEA to a human embryonic intestinal epithelial cell line (Henle 407) could

not be demonstrated (Table 4). Although a significant amount of 12 5 1-SEA

associated with the Henle 407 cells, excess unlabelled SEA did not compete with

iodinated SEA associating with the cells. This would suggest an absence of SEA

receptors on the surface of the Henle 407 cells.

DISCUSSION

A relatively simple, reliable assay to detect spleen cell binding of

staphylococcal enterotoxins has been described. Saturation of binding between 2

and 3 hr after initiation of 125I-SEA-lymphocyte interaction corresponded to the

time required for induction of maximum mitogenic stimulation (Table I).

Saturation of specific binding at high 125 1-SEA concentration (Fig. 3) was

demonstrable and relatively high affinity of the toxin for spleen cells is indicated

by Scatchard analysis of the data (Fig. 4). Toxin binding increased linearly over

a wide range of cell concentrations (Fig.2). Three antigenically distinct

staphylococcal enterotoxins; i.e., SEA, SEB, and SEE inhibited specific binding

of 12 5I-SEA ;n a dose dependent manner, but a high concentration of unrelated

proteins (10% FCS) did not block toxin binding. In summary, these results

demonstrate the specificity of 12 5 I-SEA binding by lymphocytes and confirm

that ligand-receptor interaction correlates with a biological response of cells to

toxin.
125 1SEA binding to murine spleen cells did not correlate precisely with

mitogenic stimulation by toxin over a temperature range from O°C to 370 C (Fig.

7). Toxin binding is more efficient at 370C but greater mitogenic stimulation

results when toxin binding is carried out at 40 C. A possible explanation is
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obtained by an analysis of the data in Table I and Fig. 7. Table I shows that 1.0

ig/ml SEA induces a greater mitogenic response than does 10 pg/ml SEA. This

high dose depression of mitogenesis was noted in several separate experiments.

The mitogenic stimulation by SEA shown in Fig. 7 was achieved with 10 pg/ml

SEA. The decreased mitogenic response at this concentration as compared with

the response when binding occurs at 40 C may result from more efficient toxin

binding at 230 C and 370 C. The effective toxin concentration at higher

temperatures thus, may lie in the range of high dose suppression whereas less

efficient toxin binding at 40 C results in lesser but optimum amounts of SEA

bound to achieve peak mitogenic stimulation. The data presented fulfill criteria

for specific toxin binding to cell surface receptors. These criteria include

chemical specificity, saturability, high affinity, and correlation with a

measurable biological response by the cells (4).

The increase in specific binding of 125I-SEA observed in the presence of

low concentrations of unlabelled staphylococcal enterotoxins (Fig. 5) suggest

positive cooperativity for SEA binding as has been observed for binding of plant

lectins to lymphocytes. Prujansky, et al. (15) suggest that positive cooperativity

of binding to lymphocytes occurs with mitogenic lectins but not with lectins

which bind to lymphocytes but do not initiate a mitogenic response. The data

shown in Fig. 7 suggest cooperative toxin binding, Scatchard plot analysis of

data generated over a wider range of 12 5 I-SEA concentrations, however, is

required to substantiate this observation. This is an important consideration

since Prujansky, et al. (15) hypothesize that cooperative binding of mitogen

reflects alterations in cell membrane architecture and may constitute an

essential event in lymphocyte blastogenesis.

The data show that cell binding of SEA is riot reduced by trypsin treatment

but mitooenic stimulation is substantially reduced. Thus, the SEVA binding site
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appears to be trypsin resistant. Trypsinization may reduce mitogenic stimulation

either by disruption of T and B cell interactions required for optimum mitogenic

responses, or alternatively, by inactivation of membrane-associated proteins

required for initiation of cell division. The absence of specific binding of 1251-

SEA to the Henle 407 cells is significant in that it may explain lack of

cytotoxicity exhibited by enterotoxin for this cell line (3). Direct cytotoxicity

has been difficult to substantiate in spite of claims that staphylococcal entero-

toxins damage cells of the gastrointestinal epithelium (1,17). However, the high

reactivity of enterotoxins in immunological phenomena mandates a reevaluation

of how the toxins act in vivo. The immunological responses of human

lymphocytes to staphylococcal enterotoxins are quite similar to those of mouse

spleen cells (13), and thus it is likely that f-nterotoxin mitogenic stimulation of

human lymphoid cells is also mediated by specific toxin receptors.

Staphylococcal enterotoxin stimulation of gut associated lymphoid tissue in

the human gastrointestinal tract may play a significant role in the genesis of

symptoms associated with food poisoning. Recently, intraepithelial mast cell-

like T-lymphocytes containing histamine have been detected in intestinal tissue

of mice (7) and humans (5). Since other lymphocyte mitogens are known to

trigger histamine release from mast cells (8,21), one may speculate that SEA acts

similarly. Release of this potent pharmacological agent within the gastroin-

testinal tract conceivably may relate to symptoms of staphylococcal food

poisoning. Toxicity of staphylococcal enterotoxins may be expressed as an

indirect effect mediated by toxic lymphokines and pharmacologically active

amines released after lymphocyte stimulation; this is a possibility currently

under investigation (D.L. Archer, personal communication).

In conclusion, the (Inta presented here provide direct evidence fol the

presence of staphylococcal enterotoxin receptors on murine spleen ce:ll. In
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contrast, it was not possible to detect specific toxin binding by cells more

closely related to intestinal epithelial cells which are often cited as potential

target cells for direct cytopathic effects of staphylococcal enterotoxins (1,17).
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Table 1. Mitogenic response of murine splenic lymphocytes after
3 hr or 48 hr interaction with SEA

Time Toxin Conc. 3H-thymidine Incorporated
(hr) (Ng/ml) ( X + std. error)

3 0.0 1704 + 129

3 0.1 11229 + 516

3 1.0 17697 + 3273

3 10.0 15743 + 267

48 0.0 884 + 99

48 0.1 17089 + 1926

48 1.0 16384 + 1083

48 10.0 15430 + 546

Murine splenic lymphocytes were incubated with SEA at the
concentration shown for 3 or 48 hr. Each value is the mean
of 8 samples.



Table 2. Mitogenic stimulation of splenic lymphocytes by SEA,
SEB or SEE

CPM 3H-Thymidine Incorporated

Toxin Conc.
( g/ml) SEA SEB SEE

0.0 2962 + 426

0.0001 5991 + 454 2992 + 529 5602 + 402

0.01 12375 + 455 5713 + 727 9006 + 545

1.0 14261 + 522 10149 + 301 14003 + 347

Splenic lymphocytes were incubated with SEA, SEB or SEE at the
concentration indicated for 48 hr. Each value is the mean +
standard error for 4 replicate samples.
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Table 3. Effect of trypsinization of spleen cells on the mitogenic
response and specific binding of SEA

Trypsin CPM 3H-thymidine incorporated CPM of 125 1-SEA bound
Concentration* X + std. error X + std. error

none 6173 + 300 1192 + 139

1.0 mg/ml 1593 + 116 1039 + 137

*Spleen cells were treated for 30 min at 370C with 1 mg/ml of trypsin.

No significant differences in toxin binding values are apparent
(p > 0.01). Values are those of 3 separate experiments.
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